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ABSTRACT 

The entire dataset of the GRANAT/SIGMA observations of Cyg X-1 and 1E1740.7- 
I 2942 in 1990-1994 was analyzed in order to search for correlations between primary 

. observational characteristics of the hard X-ray (40-200 keV) emission - the hard X- 

ray luminosity Lx, the hardness of the spectrum (quantified in terms of the best-fit 
thermal brcmsstrahlung temperature kT) and the rms of short-term flux variations. 
Although no strict point-to-point correlations were detected certain general ten- 
' dencies are evident. It was found that for Cyg X-1 the spectral hardness is in general 

, positively correlated with the relative amplitude of short-term variability. A correla- 

tion of a similar kind was foimd for the X-ray transient GRO J0422-I-32 (X-ray Nova 
Persei 1992). 

For both sources an approximate correlation between kT and Lx was found. At 
Q ■ low hard X-ray luminosity - below ~ lO'^^ erg/sec - kT increases with Lx- At higher 

| H \ luminosity the spectral hardness depends weaker or does not depend at all on the 

C/3 . hard X-ray luminosity. The low luminosity end of these approximate correlations (low 

' kT and low rras) corresponds to extended episodes of very low hard X-ray flux which 

occurred during SIGMA observations. 

•i-H . 
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1 INTRODUCTION 

Cygnus X-1 was the first dynamically proven black hole can- 
didate in the Galaxy and it's X-ray properties were stud- 
ied on a number of occasions for the last two decades. The 
source exhibits flux variations on all time-scales from years 
to milliseconds. Two distinct spectral states of the source 



Holt et al. 1976 



were identified (Tananbaum et al. 1972 
Ogawara et al. 19821 ): the "Low State" (LS) and the "Higli 
State" (HS). In the LS emission from the source in the X- 
ray domain is dominated by a hard spectral component - 
most likely Comptonized radiation - observed up to sev- 
eral hundred keV. The HS spectrum is much softer and is 
dominated by a soft spectral component. Most of the time 
90%) the source was found in the LS (e.g. Liang & Nolan 
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1984). Basing on the observations of HEAO-3 Ling et al. 
(1987) proposed to distinguish three sub-states of the LS 
- the so called 7-states characterized by different intensity 
and spectral properties of the X- and 7-ray emission. 

The source 1E1740. 7-2942 (hereafter IE 1740) located 
50 arcmin apart from the Galactic Center is the hardest 
X-ray source in this region. On the basis of it's X-ray prop- 
erties it was suggested, that this source too contains a black 
hole (Sunyaev et al. 1991a). Its spectral shape and X-ray 
luminosity are quit e similar to that of C ygnus X-1 in its 
"nominal" 72 state ( Sunyaev et al. 1991b| ). 

In this letter we report the results of a search for cor- 
relations between the primary observational characteristics 
of the hard X-ray emission during the low state of these 
two sources: the hard X-ray luminosity, the hardness of the 
spectrum and the amplitude of short-term flux variations. 
Preliminary results of this analysis were presented earlier 
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Figure 1. The 40—150 keV light curves of Cyg X-1 (bottom) and 1E1740. 7-2942 (top). Each data point represents the average over 
?s 2 - 8 hours (Cyg X-1) and ~ 50 hours (1E1740.7-2942). The date Jan.1,1990 corresponds to MJD 47892. Approximate flux levels 
corresponding to the three 7— states of Cyg X-1 are shown on both panels. The 7— states in the top panel (1E1740. 7-2942) were rescaled 
to the Galactic Center distance. 



by Kuznetsov et al. (1995) and Ballet et al. (1996). Simi- 
lar results were also obtained for Cyg X-1 by Crary et al. 
(1996) and Phlips et al. (1996) basing on the BATSE and 
OSSE data. 



2 INSTRUMENTS AND OBSERVATIONS 

The SIGMA hard X-ray/soft 7-ray telescope is one of the 
two main imaging instruments on board the GRANAT ob- 
servatory. A detailed description of the telescope is given by 
Paul et al.(1991). 

The observations of Cygnus X-1 have been carried out 
twice a year: during December in 1990-1993, March in 1990- 
1992 and June in 1993-1994. Resuhs of the first Cyg X-1 
observations with GRAN AT/SIGMA were presented by Sa- 
lotti et al. (1992). IE 1740 was observed mostly during each 
Spring and Fall in 1990-1994 (sometimes including a part 
of February and August). The total exposure time taken by 
the SIGMA telescope during 33 pointed observations of Cyg 
X-1 was ~600 hours. The IE 1740 source was within the 
SIGMA field of view during 124 observations in the course 
of 10 Galactic Center surveys performed by GRANAT in 
1990-1994 with total exposure time of ^2100 hours. 

The long-term light curve of Cygnus X-1 (Fig.l) 
recorded by SIGMA shows variations of the 40-150 keV flux 
by a factor of ~4. During 1990 - mid 1993 (|Vikhlinin et al " 



1994 ) the source was typically detected near the 72 intensity 
level with a maximum flux of ~1.8 Crab (corresponding to 



~ 73 level) observed on 23-24 March 1990. In Dec 1993 and 
in the flrst observations in June 1994 the minimal flux was 
detected, ~ 0.5 Cra b (corresponding t o ~ O.671). Accord- 
ing to BATSE data ( Crary et al. 1996 ) having much better 
time coverage these two observational sets occurred during 
an extended low hard X-ray flux episode which started in 
Sept. 1993 and lasted for ~ one year. The lowest flux from 
Cyg X-1 during this period was detected in Feb. 1994 (O.271 
- Phlips et al. 1996). During almost all SIGMA observa- 
tions considerable variability on the hours-days time scale 
was detected - by a factor of ~ 1.5. 

The light curve of IE 1740 record ed by SIGMA (Fig.l ) 
shows a qualitatively similar pattern (Cordier et al. 1993). 
The 40-150 keV flux from IE 1740 changed by a factor of 
~10 on the time-scale of 1/2 year with the minimal flux 
corres ponding to the extend ed minimum observed during 
1991 ( [Churazov et al. 1993| ). During the first half of FaU 
1991 observations the source flux was below SIGMA detec- 
tion limit (3(7 - ~ 13 mCrab). Variability by a factor of 1.5 
on a days-weeks timescale was detected during most of the 
observational sets. The relative weakness of the source didn't 
allow to study flux variations on the hours time scale. 



3 THE DATA ANALYSIS 

Only observations performed under nominal background 
and instrument conditions were used for the analysis. Since 
the timing analysis is more sensitive to nonstandard back- 
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Figure 2. The best-fit bremsstrahlung temperature plotted 
against the hard X-ray luminosity (40-200 keV) for Cyg X-1 (up- 
per panel) and IE 1740.7—2942 (lower panel). The data were av- 
eraged over 1 to 20 days of consecutive observations. 
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Figure 3. The best-fit bremsstrahlung temperature plotted 
against the rms^ of the short-term flux variations in the 0.01- 
0.1 Hz frequency range. Open circles correspond to Cygnus X-1, 
filled circles - to X-ray Nova Persei 1992 (GRO J0422-I-32). The 
data were averaged in the same way as in Fig. 2. 



ground conditions, whenever timing analysis was impossible 
or ambiguous the dataset was excluded from the spectral 
analysis too. 

In order to quantify the hardness of the source emission 
in the 40-200 keV ener gy range the optica lly-thin thermal 
bremsstrahlung model (Kellogg et al. 1975) was chosen. Al- 
though having no direct physical relation to the origin of 
the hard X-ray emission in compact sources, it provides a 
good approximation to the observed spectra and character- 
izes the spectral shape by a single parameter - the best-fit 
temperature. The relative error between the data and the 
spectral model is less than 10% in the 40-200 keV energy 
band. The model was applied to the pulse-height spectra 
averaged as described in the next two sections. The 40-200 
keV luminosity was calculated using the best fit model and 
assuming a distance of 2.5 and 8.5 kpc for Cyg X-1 and 
IE 1740 respectively. 

For the timing analysis the 4 s resolution 40-150 keV 
data (count rate from the entire detector) were used. The 
power density spectrum was obtained for each individual 
spectral image (SI) exposure using the s tandard timing anal- 
ysis technique (van der Klis et al., 1989) and then converted 
to units of relative rms using the source intensity measured 
in the image of the same SI exposure. The values of relative 
rms were further averaged as described in the next two sec- 
tions. The aperiodic variability of the source was quantified 
by the fractional rms of the flux variations in the 0.01-0.1 Rz 
frequency band. This range corresponds to the flat part in 
the power density spectrum of Cygnus X-1 and represents its 
most variable part. The timing analysis was not performed 
for IE 1740 since this source is significantly fainter and lo- 
cated in the crowded Galactic Center region. 

It should be noted that opposite to the spectral anal- 



ysis which utilizes the imaging capability of the SIGMA 
telescope the 4 s resolution data used for the timing anal- 
ysis does not possess spatial resolution and the count rate 
from the entire detector was analyzed. Numerous tests con- 
firmed that under standard background conditions possible 
contamination of the Cyg X-1 power density spectrum by 
background events in the 0.01-0.1 Hz frequency range can 
be neglected. 



4 RESULTS. 

As it was described above the light curves of both sources 
have a complex structure with short term (time scales of 
days to weeks) variations superimposed on long term (time 
scale of years) intensity changes of generally larger relative 
amplitude. The SIGMA observations provided on one hand 
rather sparse time coverage - especially for Cyg X-1, and, on 
the other, a limited time resolution restricted by the instru- 
ment time resolution (several hours for spectral information) 
and, especially for IE 1740, by the accuracy of the spectral 
and variability parameters estimation. The latter leads to 
the necessity of further grouping of the data. In order to 
verify possible effects of the data averaging two grouping 
methods were applied to the data as described below. 



4.1 Grouping by observational sets. 

In order to study the source behavior on the time-scale of 
months we have averaged the data acquired during individ- 
ual observational sets. The typical time span for each data 
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Figure 4. The best-fit bremsstrahlung temperature plotted 
against the hard X-ray luminosity (40-200 keV) for Cyg X-1 (up- 
per panel) and 1E1740.7— 2942 (lower panel). The data were aver- 
aged according to the X-ray intensity as described in section 4.2. 
The approximation by a linear trend (with offset) and constant 
to Cygnus X-1 data is shown by a dashed line in both panels. 



Figure 5. The best-fit bremsstrahlung temperature plotted 
against the rms^ of the short-term flux variations (0.01-0.1 Hz) 
for Cyg X-1. The data were averaged in the same way as in Fig. 
4. The open circles correspond to points with luminosity below 
1.2 X 10'^^ erg/s, filled circles - above that luminosity level (see 
Fig. 4). 



point was ~1 day to '--^l month. Results are shown in Fig. 2 
and 3. 

The relation between spectral hardness and luminosity 
is shown in Fig. 2. A trend is present in the data for both 
sources - kT generally increases as the hard X-ray luminos- 
ity increases. 

The Fig. 3 shows the dependence of the best-fit 
bremsstrahlung temperature upon the rms of the short-term 
flux variations for Cyg X-1. There is a clear correlation be- 
tween the spectrum hardness and the amplitude of the low- 
frequency noise (0.01-0.1 Hz) in the 40-150 keV energy band. 
It is very important that the same behavior is found in X-ray 
Nova Persei. In order to qualitatively illustrate the similar- 
ities in the properties of the hard X-ray emission of both 
sources the GRO J0422-I-32 data are shown in Fig. 3. 

Apart from the two low flux - low rms points, there was 
no obvious correlation between rms and luminosity. This is a 
difference with Nova Persei where the evolution was smooth 
and apparently controlled by a single parameter. 

4.2 Grouping according to intensity. 

The original data were regrouped according to source inten- 
sity in the following way. The entire range of the 40-200 keV 
flux variations was divided into a number of bins of equal 
width. The mean energy and power density spectra corre- 
sponding to each intensity bin were calculated by averaging 
over all individual datasets with intensity falling into that 
bin. 

For Cyg X-1 16 intensity bins were chosen covering the 
1.9 to 6.9 xlO"^ cnt/s/cm^ (0.5-1.8 Crab) intensity range. 



The regrouping procedure was applied to the data of indi- 
vidual SI exposures (4-8 hours long - the highest time reso- 
lution providing spectral information) each exposure being 
treated as a separate dataset. In the case of IE 1740, having 
5 to 20 times lower signal to noise ratio the data averaged 
over each single observation (comprised of 1-6 SI exposures 
with total duration of 4-34 hours) were treated as individ- 
ual datasets to be regrouped. The intensity range 0.3 to 5.6 
xlO"^ cnt/s/cm^ (8-150 mCrab) was divided into 10 inten- 
sity bins. 

The dependence of the best-flt bremsstrahlung temper- 
ature upon the 40-200 keV luminosity for both sources is 
shown in Fig. 4. The similarity in the behavior of the two 
sources is apparent. Cyg X-1 data can be represented by a 
linear trend (with offset) at low flux and constant tempera- 
ture at high flux (shown as a dashed line). The same curve 
describes quite well the data for IE 1740. The "breaks" in 
Figure 4 correspond to the same value of the luminosity. The 
kT-rms^ dependence for Cyg X-1 is shown in Figure 5. 

The statistical signiflcance of the correlations shown in 
Fig. 4 was estimated using Nonparametric or Rank Correla- 
tion test. The values of Spearman Rank-Order correlation 
coefficient giving probability that these correlations resulted 
from statistical fluctuations, are ~ 10"^ {rs = 0.874, 16 
bins) and - 4 X 10^^ {r, = 0.818, 10 bins) for Cyg X-1 and 
IE 1740 respectively. 

It should be noted, that shown in Figure 4 are parame- 
ters derived from averaged spectra for each intensity bin and 
the error bars are statistical only. The analysis of individual 
datasets, corresponding to a given intensity bin, performed 
with the more statistically signiflcant Cyg X-1 data, revealed 
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Figure 6. The spectra of Cyg X-1 in tlie state with high (hol- 
low circles) and low (filled circles) 40-200 keV flux. The high flux 
spectrum corresponds to the horizontal part of the Lx — kT de- 
pendence shown in Fig. 4 and was averaged over March 21-27, 

1992 observations. The low flux spectrum (low luminosity end 
of the dependence in Fig. 4) was averaged over December 4-13, 

1993 observations. Best-fit approximation by optically-thin ther- 
mal bremsstrahlung model is shown for both spectra. Points be- 
low la level are replaced with la upper limit. 

considerable dispersion of the best-fit parameters above the 
level of statistical fluctuations. This dispersion is of the order 
of ~15% of the values of the best-fit temperature shown in 
Figure 4. It is especially large in the (0.8 — 1.2) x 10'^^ erg/sec 
luminosity range. Therefore, the dependence shown in Fig. 
4 is not a point-to-point correlation, but rather represents 
some averaged pattern of the behavior of the parameters. 

Figure 6 shows typical source spectra at the horizontal 
(high 40-200 keV luminosity) and the increasing (low 40-200 
keV luminosity) parts of the Lx — kT dependence in Fig. 4. 
The best- fit bremsstrahlung temperatures are: kT = 148 ±2 
keV and kT = 91 ± 4 keV respectively. 

The spectra of Cyg X-1 and IE 1740 averaged over 
all observations when the 40-200 keV luminosity was above 
1.2 X 10^^ erg/sec (i.e. on the fiat part of the Lx — kT de- 
pendence in Fig. 4) are shown in Fig. 7. The spectrum of 
IE 1740 was scaled from a distance of 8.5 kpc to 2.5 kpc for 
comparison with Cyg X-1. Similarity of the spectra of both 
sources is apparent. 



5 DISCUSSION 

Monitoring the black hole candidates Cyg X-1 and IE 1740 
with the SIGMA telescope revealed two general tendencies 
in their behavior: 

(i) For both sources the hardness of the spectrum gen- 
erally increases as hard X-ray luminosity (40-200 keV) in- 



Figure 7. The spectra of Cyg X-1 and 1E1740.7-2942 averaged 
over all observations when the 40-200 keV luminosity was above 
1.2 X 10''^ erg/sec (corresponding to the break in Fig. 4). The 
1E1740. 7-2942 spectrum was scaled to Cyg X-1 distance (2.5 kpc). 
The best- fit thermal bremsstrahlung spectrum to Cyg X-1 data 
is shown by dotted line. 

creases up to ~ 10'^^ erg/s and is nearly constant at higher 
luminosity. 

(ii) In the case of Cyg X-1 the relative amplitude of short 
term aperiodic variability generally increases with spectral 
hardness. 

Lower values of kT and rms associated with a lower 
luminosity in the hard X-ray band might correspond to a 
transition of the source to the high or very high spectral 
state. The hard spectral component in the very high state 
of black hole candidates is generally steeper and less variable 
on short time scales than in the low state (e.g. Miyamoto et 
al. 1991). It was suggested (e.g. Miyamoto et al. 1991) that 
these differences refiect a different origin of the hard spec- 
tral component in the low and (very) high spectral states. 
In the accretion disk model considered by Chakrabarti and 
Titarchuk (1995) the hard spectral component is generated 
via Comptonization of soft photons from the optically thick 
Keplerian disk either in a hot optically slim post shock re- 
gion at lower accretion rate (low spectral state) or in a con- 
vergent flow at higher accretion rate (high spectral state). 
These two mechanisms result in hard spectral components 
having different spectral and variability properties. At inter- 
mediate values of the disk accretion rate both mechanisms 
could contribute to the observed emission provided that the 
halo accretion rate is sufficiently high. Thus, with an in- 
crease of the accretion rate a continuous change of spectral 
and short-term variability properties would occur as a re- 
sult of the change of the relative contributions of these two 
mechanisms. In this scenario the decrease of the hard X-ray 
luminosity does not reflect the change of the accretion rate 
which is increasing. 
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Alternatively, the observed change of the spectral hard- 
ness might not be connected with a transition to another 
spectral state but reflect subtle changes of conditions in the 
Comptonization region either related or not to a change of 
the accretion rate. Whatever the origin of these changes the 
pattern in Fig. 3 and 5 hints at a close relation between 
the hardness of the emergent spectrum and the level of the 
short-term flux variations. 

The relation between the spectral hardness and the level 
of aperiodic variability might be a very general property 
of the mechanism responsible for the hard X-ray compo- 
nent in compact sources. This is supported by comparison 
with other Galactic black hole candidates. A dependence of 
the spectral hardness upon the hard X-ray luminosity oppo- 
site to that of Fig.4 was observed for several X-ray Novae - 
black hole candidates (e.g. Nova Per 1992, Vikhlinin et al. 
1995, and Nova Oph 1993, Gilfanov et al. 1993) - for these 
sources the spectral hardness is anti-correlated with lumi- 
nosity. Nevertheless the relation between the relative rms 
of aperiodic variability and the spectral hardness for X-ray 
Nova Per 1992 is very similar to that observed for Cyg X-1 
(Fig 3). 

Finally it's worth noting that the correlations discussed 
above become apparent mainly due to the data points ac- 
quired during the extended low intensity episodes observed 
for both sources. They become much less evident when these 
data are excluded from consideration. The Cyg X-1 data sep- 
arated into two parts - the data acquired before and after 
December 1993 - splits into two independent branches on 
the kT — Lx diagram overlapping in luminosity - nearly flat 
(fcT does not depend on Lx) and increasing {kT is positively 
correlated with Lx) (see Ballet et al., 1996 for details). This 
might indicate the existence of two modes of the source be- 
havior. With the presently available dataset having rather 
sparse time coverage it is possible neither to confirm nor 
reject this possibility. 
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